A methanogenic archaeon, strain HC-2 T , was isolated from a deep diatomaceous shale formation. The strain grew on methanol, monomethylamine, dimethylamine, trimethylamine and dimethylsulphide, but not on acetate, H 2 /CO 2 , formate, 2-propanol, 2-butanol or cyclopentanol. Cells were Gram-stain-negative, non-motile, and coccus-like, 0.9-1.4 mm in diameter, and occurred singly, in pairs, or as aggregates. The strain grew at 10-40 6C (optimum 35 6C), pH 5.9-7.4 (optimum pH 6.6-6.8) and in 0-0.6 M NaCl (optimum 0. 
Since the late twentieth century, several methanogens have been isolated from the deep subsurface environment (Kotelnikova et al., 1998; Mikucki et al., 2003; Kendall et al., 2006; Doerfert et al., 2009; Mochimaru et al., 2009; Shimizu et al., 2011 Shimizu et al., , 2013 Katayama et al., 2014) . It is now clear that methanogens are associated with carbon cycling in the earth's crust.
In this study, we characterized strain HC-2 T , a methylotrophic methanogen belonging to the genus Methanosarcina isolated from groundwater in a terrestrial deep diatomaceous shale formation. The methanogenic substrates for this strain differed from those of other isolates from the same site (Shimizu et al., 2011 (Shimizu et al., , 2013 . Our results suggest a variety of terminal processes for carbon cycling in the stratum.
The groundwater sample was collected by previously described methods (Shimizu et al., 2006) from the Wakkanai formation of Miocene diatomaceous shale in northernmost Japan (362.4-385.7 m below ground level in borehole HDB-6). The physico-chemical properties and dissolved gas composition (mostly methane) of this formation have been described previously (Shimizu et al., 2006; Sasamoto et al., 2011 ).
The groundwater sample (100 ml) was inoculated into 20 ml JCM 230 methanol medium (Table S1 , available in the online Supplementary Material) (Hippe et al., 1979) in a 50 ml serum bottle (Maruemu) sealed with a butyl rubber stopper and aluminium cap in an ANX anaerobic chamber (Hirasawa). The sample was incubated at 30 u C for 2 months in an N 2 /H 2 /CO 2 (80 : 10 : 10, by vol.) atmosphere. The enriched culture, which actively produced methane, was transferred periodically to fresh broth in an N 2 /CO 2 (80 : 20, v/v) atmosphere. Strain HC-2 T was isolated after repeated inoculations of a single colony that was serially diluted in a JCM 230 slant culture containing 200 mg vancomycin l 21 and 1.5 % (w/v) agar in a N 2 /CO 2 (80 : 20, v/v) atmosphere. The purity of the strain was confirmed by a method described previously (Boone & Whitman, 1988) .
Shiny, convex, yellowish-white colonies formed 21 days after inoculation on solid medium. The colonies were circular, approximately 1 mm in diameter, with entire margins.
The cellular morphology of strain HC-2 T was examined by scanning electron microscopy (JEOL JSM6320F), phasecontrast microscopy (Olympus BX-51) and transmission electron microscopy (JEOL JEM-2000EX) (Fig. S1 ). The
The GenBank/EMBL/DDBJ accession numbers for the 16S rRNA and mcrA gene sequences of strain HC-2 T are AB288264 and AB288268, respectively. Accession numbers for the near-complete 16S rRNA and partial mcrA gene sequences determined in this study for the other type strains are AB973355-AB973360 and LC006853, and AB288266 and LC015099-LC015101, respectively. cells were coccus-like, 0.9-1.4 mm in diameter, and occurred singly or (occasionally) in pairs or as aggregates. No motility was observed under phase-contrast microscopy, and no flagella were seen under negative-stain transmission electron microscopy. The HC-2 T cells were Gram-stain-negative and lysed in 0.01 % (w/v) SDS.
The growth rate, substrate utilization and other physiological properties of HC-2 T were determined by monitoring OD 660 and methane production (Shimizu et al., 2011) in a modified JCM 230 medium (Table S1 ). The headspace was filled with H 2 /CO 2 (80 : 20, v/v; 200 kPa) to measure utilization of H 2 /CO 2 as a methanogenic substrate or with N 2 /CO 2 (80 : 20, v/v) to study the utilization of other substrates. Media were prepared with different initial pH values by using 20 mM MES (pH 5.7-6.8), HEPES (pH 6.8-7.8) and Tricine (pH 8.0-8.2). Cultures were grown in Hungate tubes (BELLCO; 166125 mm) containing 5 ml medium. A minimum of three culture replicates was incubated under each set of conditions for 56 days. The effects of temperature, pH and NaCl on HC-2 T growth are shown in Fig. S2 . The strain grew at 10-40 uC (optimum 35 uC); no growth occurred at 5 or 45 u C. The strain grew at pH 5.9-7.4 (optimum pH 6.6-6.8); no growth occurred at pH 5.8 or 7.6. The strain grew in the presence of NaCl at a final concentration of 0-0.6 M (optimum 0.1-0.2 M); no growth occurred at 0.7 M NaCl. The specific growth rate for HC-2 T under optimal conditions was approximately 0.073-0.078 h 21 as measured by OD 660 .
Strain HC-2 T grew well on trimethylamine, methanol and dimethylamine (20 mM) (specific growth rates of 0.078 h T were used as outgroups in (b). Numbers at branch nodes indicate bootstrap percentages based on the neighbour-joining method (1000 replicates) calculated using MEGA 5.05 software (Tamura et al., 2011) . Accession numbers are shown in parentheses. Bars, 0.02 substitutions per site.
were determined in trimethylamine medium with singular component omissions, including yeast extract, peptone, vitamins (JCM 230 medium) and trace elements (JCM 230 medium). Strain HC-2 T grew poorly without trace elements, which were thus not necessary but stimulated growth (specific growth rate 0.042 h 21 ).
Genomic DNA was extracted (Marmur, 1961) and purified (Hamamoto & Nakase, 1995) . The DNA G+C content of HC-2 T was analysed by HPLC (Shimadzu LC-10A) (KatayamaFujimura et al., 1984) and determined to be 41.5±0.3 mol% (mean±SD, n53).
Phylogenetic analyses of 16S rRNA gene sequences were performed as described by Shimizu et al. (2006 Shimizu et al. ( , 2011 ) from the LeibnizInstitut DSMZ-Deutsche Sammlung von Mikroorganismen und Zellkulturen (Braunschweig, Germany) and obtained near-complete 16S rRNA gene sequences as described previously (Shimizu et al., 2011) . The mcrA gene sequences yet-to-be-identified in the genus Methanosarcina were determined with the type strains of affiliated species: Methanosarcina barkeri DSM 800 T , Methanosarcina lacustris DSM 13486 T and Methanosarcina baltica DSM 14042 T ) which were obtained from the culture collection, as well as strain HC-2 T , using primers ME1/ME2 as previously described (Hales et al., 1996) . However, the Methanosarcina semesiae MD1 T sequence was not included because the type strain is not currently available from any culture collection.
The phylogenetic trees reconstructed from these nearcomplete (1403 bp) 16S rRNA gene sequences (Fig. 1a) and deduced McrA amino acid (159 positions) sequences (Fig. 1b) showed that strain HC-2 T clusters with members of the genus Methanosarcina. The 16S rRNA gene sequence of strain HC-2 T is most closely related to that of Methanosarcina lacustris DSM 13486
T . Bootstrap analysis indicated a clear branching of strain HC-2 T from these species. BLAST searches using the 1403 bp 16S rRNA gene sequence revealed that strain HC-2 T is most closely related to strains belonging to the genus Methanosarcina (94.9-99.1 % similarity); the greatest similarity was observed between strain HC-2 T and Methanosarcina lacustris DSM 13486 T (99.1 %), Methanosarcina siciliae DSM 3028 T (98.3 %) and Methanosarcina acetivorans C2A T (97.9 %). The deduced McrA amino acid sequence was closely related to Methanosarcina horonobensis HB-1 T and Methanosarcina spelaei MC-15 T Table 1 . Differential characteristics for strain HB-1 T and species in the genus Methanosarcina
Strains: 1, HC-2 T (data from this study); 2, Methanosarcina lacustris ZS T (data from Simankova et al., 2001) ; 3, Methanosarcina siciliae T4/M T (Ni & Boone, 1991; Ni et al., 1994) ; 4, Methanosarcina acetivorans C2A T (Sowers et al., 1984) ; 5, Methanosarcina vacuolata Z-761 T (Zhilina & Zavarzin, 1987; Maestrojuán & Boone, 1991) ; 6, Methanosarcina spelaei MC-15 T (Ganzert et al., 2014) ; 7, Methanosarcina soligelidi SMA-21 T (Wagner et al., 2013) ; 8, Methanosarcina thermophila TM-1 T (Zinder et al., 1985; Zinder & Mah, 1979) ; 9, Methanosarcina horonobensis HB-1 T (Shimizu et al., 2011) ; 10, Methanosarcina mazei S-6 T (Mah & Kuhn, 1984; Maestrojuán & Boone, 1991) ; 11, Methanosarcina barkeri MS T (Bryant & Boone, 1987; Maestrojuán & Boone, 1991) . All strains were positive for utilization of methanol and trimethylamine. +, Positive result; 2, negative result; ND, not determined. T differed from all members of the genus Methanosarcina in its range of growth temperature and pH; it also differed from the most closely related species Methanosarcina lacustris in H 2 /CO 2 and dimethylsulphide utilization and morphology.
These phenotypic and phylogenetic data indicate strain HC-2 T represents a novel species of the genus Methanosarcina, and the name Methanosarcina subterranea sp. nov. is proposed.
Description of Methanosarcina subterranea sp. nov.
Methanosarcina subterranea sp. nov. (sub.ter.ra9ne.a. N.L. fem. adj. subterranea underground, below the earth surface, from where the strain was isolated).
Cells are coccus-like and 0.9-1.4 mm in diameter. Strictly anaerobic. Gram-stain-negative. Lysed by 0.01 % (w/v) SDS. Cells grow on methanol, monomethylamine, dimethylamine, trimethylamine and dimethylsulphide, but not on acetate, H 2 /CO 2 , formate, 2-propanol, 2-butanol or cyclopentanol. Cells grow at 10-40 u C (optimum: 35 u C), at pH 5.9-7.4 (optimum pH: 6.6-6.8) at 0-0.6 M NaCl (optimum: 0.1-0.2 M).
The type strain, HC-2 T (5DSM 22503 T 5JCM 15540 T 5 NBRC 102578 T ), was isolated in Horonobe, Japan, from deep subsurface groundwater within a diatomaceous shale formation. The G+C content of genomic DNA of the type strain is 41.5±0.3 mol%.
